[1] Time-series datasets of surface-water biogenic silica (bSiO 2 ) and deep-water bSiO 2 export in the Santa Barbara Channel (SBC) allow for elucidation of the important scales of spatial and temporal variability and an evaluation of potential controlling mechanisms. Changes in local upwelling strength is the most important factor controlling seasonal variations for the surface bSiO 2 dataset and accounts for~65% of the variance. bSiO 2 export is also highly seasonal; however, the maximum export is generally offset from the bSiO 2 standing stock maximum by 0.5-2 months, and export is enhanced for a longer period than is surface biomass. Strong cross-channel gradients in surface [bSiO 2 ] occur during periods of elevated bSiO 2 and account for~13% of the variability in standing stocks; these gradients appear to be sustained by a combination of both local (cyclonic flow in the western SBC) and nonlocal (advection of water into the SBC) processes. Since 2000, a significant linear decline in water-column-integrated bSiO 2 has occurred concurrent with a significant increase in bSiO 2 export. During this same period, phytoplankton biomass and net primary production increased in the general California Current. Coupling our results with previous studies supports the idea that a significant amount of the exported bSiO 2 caught in 540 m sediment traps originates outside the SBC, and variability is driven by both local and the broader California Current Ecosystem effects. However, we cannot rule out a significant role for local episodic events in stimulating production of rapidly settling particles.
Introduction
[2] Diatoms play a significant role in the cycling of carbon, nitrogen, and silicon in coastal ecosystems. In addition, they are quantitatively significant in global marine primary production [Nelson et al., 1995] and can constitute a high fraction of the organic matter export to the ocean interior [Alldredge & Silver, 1988] . Understanding relevant scales at which diatom biomass and export change in both space and time are essential to refine biogeochemical models that have a diatom component and to provide context for paleoceanographic reconstructions inferring processes based on diatoms preserved in sediments.
[3] The obligate need for silicon by diatoms allows for the measurement of particulate biogenic silica (i.e., hydrated amorphous SiO 2 -nH 2 O) to be used as a proxy for diatom biomass in aquatic ecosystems; other plankton (e.g., silicoflagellates, radiolarians) polymerize silica, but their contribution to the biogenic silica pool in the euphotic zone of the ocean has been shown to be small (e.g., <5%, [Blain et al., 1997] ). In the northern subtropical gyres of the Atlantic and Pacific oceans, time-series analysis of >10 year records have determined some of the dominant drivers of temporal variability Krause et al., 2009a] . Major results in both studies were the presence of statistically significant linear trends, either decreases (North Atlantic) or increases (North Pacific) over periods of up to 13-15 years, in integrated biogenic silica (bSiO 2 ) stocks after correction for seasonality. Similarly, Deuser et al. [1995] observed a strong reduction in the opal flux in the Sargasso Sea between 1978 and 1991; no similar analysis has been done in the North Pacific or in any coastal system.
[4] While diatoms have important roles in the biogeochemistry of subtropical gyres, e.g., export production, their biomass is one to three orders of magnitude lower in the gyres than in coastal regions. In coastal regions diatoms can, at times, dominate both primary production and the export of organic matter out of the euphotic zone, indicating a stronger biogeochemical importance for diatoms in these systems. In terms of silica burial, DeMaster [2002] concluded that continental margins are more important than previously thought in the global Si budget, replacing up to a third of the amount previously thought to be buried around Antarctica. This indicates a very strong and global significant coupling between water column and benthic Si-cycling processes in coastal systems.
[5] Despite the importance of diatoms in coastal-system food-web dynamics and the stronger coupling between biogeochemical cycles of C and N with Si in these systems, there are no publications exploring trends in biogenic silica over similar time scales as the subtropical gyre studies. Measurements of bSiO 2 have been performed as part of near-shore time-series studies off the coast of Maine [Balch et al., 2008] , in the Bay of Brest [Beucher et al., 2004] , and two in the Santa Barbara Channel (SBC) [Thunell, 1998; Shipe & Brzezinski, 2001] . Of these coastal time-series records, the two independent SBC bSiO 2 studies are the longest running, with sediment trap and water-column bSiO 2 time-series data dating back to 1993 and 1994, respectively. Currently, the SBC dataset is the only coastal record available to examine changes in siliceous biomass and export on similar temporal scales as has been done for the gyres. In this study, we examine the dominant modes of temporal variability within the SBC bSiO 2 records and test whether the lower frequency temporal changes (e.g., >10 year time scales) observed in gyres can be detected.
[6] The SBC is an approximately 100 km by 40 km region bordered by the California mainland to the north and the Channel Islands to the south with open eastern and western boundaries allowing for SBC surface water to exchange with other water masses (e.g., Southern California Bight, Figure 1 ). Shallow sills on the eastern and western boundaries minimize ventilation of the deeper Santa Barbara basin in the western Channel leading to anoxia between approximately 475 and 600 m depth. High diatom biomass and primary productivity occur seasonally in response to local upwelling during spring [Brzezinski & Washburn, 2011] . Annual average diatom [bSiO 2 ] in the surface waters of the SBC is 0.96 mmol Si L À1 [Shipe & Brzezinski, 2001] , similar to the annual mean reported from other coastal ecosystem time-series studies (e.g., 0.9 mmol Si L À1 [Beucher et al., 2004] ). [7] Sedimentation in the deepest part of the SBC is sufficiently high to support the formation of visually distinct varves deposited on seasonal timescales [e.g., Schimmelmann et al., 1990] . The particulate matter export in the Santa Barbara Basin has a very high silica component due to both bSiO 2 from diatoms and mineral silica from terrestrial runoff and deposition [Thunell, 1998] . The high accumulation rates and the preservation of varves allow for paleo-reconstructions at near annual to decadal resolution [e.g., Schimmelmann et al., 1990] ; therefore, time-series studies with biogeochemical data for the upper water column of the SBC have the potential to be directly linked to the coeval sedimentary record.
[8] While previous studies in this region have taken a taxonomic approach to examine siliceous plankton in the upper water column and their export to depth [e.g., Lange et al., 1997; Venrick et al., 2003] , it is difficult to reconstruct rates of silica export or the standing stock of biogenic silica from cell count data as cells that are fragmented from zooplankton grazing or cell lysis are not quantified. In this study, we examine the concentration of bSiO 2 in the upper water column and the export of bSiO 2 to the Santa Barbara Basin to elucidate the important scales of spatial and temporal variability in these properties and to evaluate potential controlling mechanisms.
Methods
[9] Surface bSiO 2 data come from the Plumes and Blooms time series (PnB) that began in August 1996 and samples seven cross-channel stations in the SBC with an approximate monthly resolution (Figure 1 ). Surface samples (~1 m) are taken at stations 1 (north) through 7 (south) with a vertical profile between the surface and 75 m at station 4 ( Figure 1 ). Stations 1 and 7 are located in relatively shallow water close to the continental shelf (<75 m depth), and the other stations are in deeper water, with station 4 situated in the deepest region of the Santa Barbara basin (Figure 1 ). The PnB bSiO 2 time series is unique among other time-series programs measuring bSiO 2 (e.g., BATS, HOT) in that the sampling scheme allows for analysis of both spatial and vertical variability with time.
[10] A total of 208 cruises were conducted from August 1996 through December 2008. Samples were collected using a Sea-Bird 911E CTD on a SBE32C compact carousel with twelve 8-L bottles. PnB core methodology and data are available online (http://www.icess.ucsb.edu/PnB/). Particulate silica concentration is a core measurement, and the biogenic and lithogenic fractions are analyzed using a sequential NaOH and HF digestion [e.g., Shipe and Brzezinski, 2001] . Only the biogenic silica data are discussed here. As with previous reports of water-column bSiO 2 in this region [e.g., Shipe and Brzezinski, 2001; Anderson et al., 2008] , bSiO 2 data reported here were not corrected for potential lithogenic silica bias; given the concentrations of lithogenic silica, we estimate the maximum potential bias to be <4.5% of the measured [bSiO 2 ]. Prior to March 2005, digestions were performed in propylene tubes [Brzezinski & Nelson, 1989] with all analyses since March 2005 using Teflon tubes for the digestions [Krause et al., 2009b] . bSiO 2 samples were taken on 160 cruises during the time series, with samples taken at station 4 for full 75 m profiles on 133 cruises. [11] At each PnB station, conductivity-temperature-depth (CTD) profiles were collected using a Sea-Bird Electronics CTD except between December 2000 and March 2003, when a Sea-Bird Electronics SeaCat Profiler CTD was used. A complimentary set of discrete water samples are collected at each station. Briefly, chlorophyll a and phaeopigment analysis is carried out following standard fluorometric procedures using a Turner Designs 10 AU fluorometer. Duplicate seawater samples are filtered through Whatman GF/F filters and immediately frozen in liquid nitrogen. Filters are extracted in 90% acetone overnight and are acidified using two drops of 1.2 M HCl. Dissolved inorganic nutrient samples are collected in plastic 20-mL scintillation vials and immediately frozen at sea. Nutrient analyses are performed by the UCSB Marine Science Institute Analytical Lab using flow injection techniques [Johnson, Petty, & Thomsen, 1985] . The detection limits are 0.1 mM for nitrate (NO 3 ), 0.05 mM for ortho-phosphate (PO 4 ), and 0.2 mM for silicate (Si(OH) 4 ).
[12] At the deepest point in the SBC, a bottom-moored sediment trap (T-trap, Figure 1 ), at 540 m, or~50 m above the seafloor, has been in operation since August 1993. The 13-cup trap collects material passing through a 0.5 m 2 area, with 2 week (sometimes weekly) resolution. Two hundred eighty-three bSiO 2 export samples have been collected through 2008, but logistical considerations and mechanical malfunctions have resulted in temporal gaps up to~1 year. Venrick et al. [2003 Venrick et al. [ , 2006 Venrick et al. [ , 2008 used splits of samples from trap T for analysis of the taxonomy and abundance of the siliceous plankton assemblage from August 1993 to April 2000. The total bSiO 2 mass in trap T samples was determined using a Na 2 CO 3 chemical leaching technique of Mortlock and Froelich [1989] . Note that lithogenic silica (e.g., sand, dust, clay) was measured but, as with the water-column data, is not reported or discussed in this study.
[13] The SBC has an extensive history of oceanographic study, and other previously published datasets were used in the present analysis. Shipe and Brzezinski [2001] sampled the water column at the same coordinates as PnB station 4 from 1994 through August 1999 and used similar methodology as reported here to analyze bSiO 2 concentrations, but they used polymethylpentene tubes for their sequential NaOH/HF digestions, which are no longer available. Combining this dataset with the PnB dataset increases the number of profiles at station 4 to 219.
[14] Shipe and Brzezinski [2001] also report data from another moored sediment trap at~470 m (S-trap, Figure 1 ) operating during the same time frame and moved once to a location immediately beneath PnB station 4; both locations were offset slightly to the north and east of trap T (Figure 1 ), but were still within the deepest area of the Santa Barbara basin. The S-trap data fill some gaps in the T-trap time series, but some remain. The S-trap samples were processed using the Na 2 CO 3 chemical leaching technique of DeMaster [1981] , which differs in the concentration of Na 2 CO 3 used and the frequency of sampling the leach over time compared to the Mortlock and Froelich [1989] method. When comparing the monthly mean values for the T-trap and S-trap during overlapping collection periods (e.g., 1994-1999) , no statistically meaningful differences were observed (t test between monthly means for each trap). However, each trap sampled some high export events which the other did not.
[15] Multiple strategies were used to analyze the bSiO 2 datasets. To identify the dominant spatial and temporal patterns in surface [bSiO 2 ] values, we used empirical orthogonal function (EOF) analysis [Emery & Thompson, 2001] . The EOF technique deconvolves the time-series dataset into a set of orthogonal functions referred to as modes. For this procedure, the surface [bSiO 2 ] values at each station j (out of 7 stations) on cruise n were normalized by the mean and standard deviation (e.g., z-score) at station j over all cruises where surface [bSiO 2 ] was measured. The normalized surface [bSiO 2 ] (b j (n)) at station j over all cruises (n) was separated into modes:
where a i (n) is the amplitude function of mode i for cruise n, ' ij is the spatial EOF mode i at station j with their product summed over all modes (i = 1,. Shipe and Brzezinski [2001] data) for comparison with bSiO 2 export data. Previously used methods were employed for analysis of multiyear trends in integrated biomass and export. The annual cycle in both time series was assumed stationary. The R bSiO 2 and bSiO 2 export data were log transformed, then at each time point the corresponding monthly log-transformed-mean R bSiO 2 or bSiO 2 export was subtracted (to normalize the distributions) to assess the interannual changes in the residuals without influence of the seasonal cycle. This same approach was used for the bSiO 2 data sets in the subtropical gyres: Bermuda Atlantic Time-series Study (BATS) [Krause et al., 2009a] and the Hawaii Ocean Time-series (HOT) .
[17] To infer the scale of temporal responses, R bSiO 2 and export were cross-correlated to local wind stress. The National Oceanic and Atmospheric Administration (NOAA) operates meteorological buoys within, and just outside, the SBC. Buoy 46054 is located along the western boundary of the SBC, while buoy 46053 is located~6 km due east of station 4; buoys 46023 and 4601 are located northwest of Pt. Arguello ( Figure 1 ). The principal axis wind stress was estimated as in Smith [1988] . Then winds were rotated into principal axis as in previous regional studies [e.g., Harms and Winant, 1998; Brzezinski and Washburn, 2011] . We report V, the alongshore component of the wind stress (τ), such that negative values denote upwelling-favorable conditions based on winds which flow equatorward (method and data courtesy of L. Washburn). Because of the high sampling frequency (i.e., hourly), the NOAA buoy data was condensed by interpolating to a daily resolution, then a subset index of time points was aligned to the PnB sampling dates and the sediment-trap midpoint collection dates. Low-pass filters were used to smooth the wind-based data to a similar resolution as the 2 week integrated sediment-trap collection for separate cross-correlation analysis.
[18] bSiO 2 was correlated with meteorological data and other PnB core measurements. The R bSiO 2 record does have autocorrelation; however, the decorrelation scale (i.e., time for autocorrelation function to go from 1.0 to 0.0) is <2 months. This scale is similar to the sampling resolution, and because the residence time of surface waters in the SBC is 6-8 days [Winant et al., 1999] , we assume the measured decorrelation scale is an artifact; thus, cross-correlations of R bSiO 2 and t should be forced by changes in t. Because the R bSiO 2 has a nonparametric distribution, we used both the Spearman and Pearson correlation analyses; the former is a rank-based approach and is not as susceptible to strong influence by outliers. Significant relationships were considered when both methods gave correlations higher than the critical value at p < 0.01 (two-tailed test).
[19] Correlation of the bSiO 2 export with wind stress required a different approach. The sediment-trap time series has moderate to strong autocorrelation, with a decorrelation scale of~12 weeks. The continuous collection of the traps and a strong seasonal cycle in flux were suspected to drive the autocorrelation; therefore, for cross-correlations with t we used the log-transformed deseasonalized bSiO 2 export residuals and the 2 week long-pass filtered t for comparison. Because the transform of the bSiO 2 export data forces it into a normal distribution, cross-correlation analysis was done using the Pearson method with a significance threshold of p < 0.01 (two-tailed test).
[20] Correlations between stocks and export with largescale climate indices, e.g., Pacific Decadal Oscillation (PDO, http://jisao.washington.edu/pdo), were also performed as described above.
Results

Hydrography, Nutrients, and Chlorophyll
[21] The Santa Barbara Channel is a dynamic physical and biogeochemical system. Here we briefly review PnB ancillary data to set the environmental context for the observed temporal and spatial changes in opal standing stock and export.
[22] Surface temperature typically fluctuates between 12 C and 18
C through an annual cycle ( Figure 2 ). Surface temperature was distinctly warmer (18-20 C) during late 1997 in association with the particularly strong El Niño at this time. (Figure 3a) . Alongshore t at the eastern buoy (46053) is consistently 2-3 times lower, in the equatorward direction, than the t at the western buoy (46054), and t for both buoys northwest of Pt. Arguello fall in between the SBC buoys. t shows a strong annual cycle at all locations (Figure 3a ), but at buoy 46053, t is most negative (i.e., equatorward winds/upwelling favorable) in April, and at the other buoys t remains highly negative from April through June and into August for buoy 46054.
[23] Past data show that the nutrient concentrations and community chlorophyll a have strong seasonality [e.g., Shipe and Brzezinski, 2001; Anderson et al., 2008] . Generally speaking, surface [Si(OH) Vertical profiles of temperature demonstrate a strong annual cycle with cooling during the winter/spring and thermal stratification during the summer and fall. For example, during peak stratification, the 12.5 C isotherm penetrates to an approximate maximum depth of 40 m annually. However, during the strong El Nino of 1997-1998, . Cross-correlations of bSiO 2 standing stocks and bSiO 2 export with wind stress. The annual cycle of principal axis wind stress (t) in the (a) alongshore (i.e., equatorward), and upwelling-favorable direction at the NOAA buoys (see Figure 1 ). Cross-correlations of (b) R bSiO 2 and (c) bSiO 2 export with t using the Pearson and Spearman ( R bSiO 2 only) methods. Dotted lines are the approximation for the critical values for p < 0.01 relationship (two-tailed test for each method) based on the lowest n-value for all buoys and lags as the actual critical value varied subtlety with changes in n. [26] EOF analysis of the surface [bSiO 2 ] data reveals that the first two of the seven total modes account for 78% of the variance in surface [bSiO 2 ], with the variance explained by modes 1 and 2 being 65.2% and 12.8%, respectively. Modes 3 through 5 all had similar and low contributions to the overall variance, 6.9%, 5.2%, and 4.5%, respectively, while modes 6 and 7 only accounted for 3.4% and 1.9% of the variance, in that order. Due to the minor proportion of variance explained by modes 3-7, we cannot rule out that one or more of these may be due to random chance. For the rest of the analysis, we focus on modes 1 and 2 that account for the majority of the dataset variability (78% in total).
[27] The contribution of modes 1 and 2 in time and space was evaluated by the spatial components of each mode at each station (' ij , Figures 5a and 5c ) and their respective time-amplitude functions (a i , Figures 5b and 5d) . Values of the spatial component of mode 1, ' 1j , are relatively uniform across the channel, and as values of ' 1j all have the same sign for mode 1, [bSiO 2 ] varies in unison at all stations for this mode. Values of a 1 tended to be positive in spring and negative during the rest of the year. The highest 10% of a 1 values for mode 1 (n = 16) mainly occurred in April and May, whereas the lowest 10% of the a 1 values were most prevalent between September and January (Table 1 ). The spatial component of mode 2, ' 2j , shows a strong cross-channel gradient with stations 1-4 exhibiting changes opposite in sign to those at stations 5-7 (Figure 5c ). Thus, at the positive extremes for a 2 , the [bSiO 2 ] is higher in the northern SBC stations versus those in the south and vice versa during negative a 2 extremes. Values of a 2 were not as strongly seasonal as those of a 1 with the majority of extreme events being in the direction of highly negative values of a 2 during spring and early summer. The highest a 2 values (upper 10%, n = 16) occurred mainly in May with two events in April and June (Table 1 ). The extreme negative values of a 2 (lower 10%, n = 16) primarily occurred with near equal frequency between April and July (Table 1) .
[28] The integrated standing stock of [bSiO 2 ] in the upper 75 m at station 4 ( R bSiO 2 ) displays a strong annual cycle (Figures 6a and 6c) . R bSiO 2 within the upper 75 m is comparable to that observed in some of the most productive coastal upwelling systems in the world (e.g., Bering Sea [Banahan & Goering, 1986] , Monterey Bay, California [Brzezinski et al., , 2003 ], and Peru [Nelson et al., 1981] ). The observed R bSiO 2 spans 2 orders of magnitude (5.8-418 mmol Si m À2 , Figure 6 ) with the mean and median values across all seasons being 60.7 and 40.8 mmol Si m À2 , respectively. There is a fourfold increase in R bSiO 2 between March and April each year, and this high biomass persists through June (Figure 6c ). Throughout the rest of the year, R bSiO 2 generally ranges between~25 and 60 mmol Si m À2 (Figure 6c ). When comparing R bSiO 2 to the alongshore wind stress (Figure 3b ), negative and significant (i.e., p < 0.01) correlations occur for three buoys when R bSiO 2 lags t by 8-9 days (Figure 3b) , with no significance observed at 46023. Of the three buoys where significant relationships exist, the associated correlations are highest and the p-values lowest at buoy 46053 (Figure 3b ). Significant lags for this buoy are also observed at lags between 10 and 24 days. 
Temporal Variability in Biogenic Silica Export
[30] A strong annual cycle in bSiO 2 export to 540 m is observed (Figures 6b and 6d) . During most years, export ranges from 1 to 10 mmol Si m À2 d À1 (Figure 6b ). bSiO 2 export rates to the deep traps are generally highest between April and July (Figure 6d ). Compared to R bSiO 2 , the monthly maximum in export is offset 1 to 2 months, and the enhancedexport period is of longer duration than that of the enhancement period for the standing stock (compare Figure 6c , Figure 6d ). The upper-limit turnover time, i.e., R bSiO 2 / bSiO 2 export, generally ranges between 7 and 18 days for all months but on average increases during April to 23 days, coincident with the annual maximum in R bSiO 2 in the overlying waters. The average quantity of bSiO 2 exported to depth daily (i.e., mmoles Si) is a minimum of 4% of R bSiO 2 during the April and a maximum of 14% during November. When lagging bSiO 2 export to the low-pass-filtered t, negative and significant (i.e., p < 0.01) correlations were observed only at buoys 46011 and 46053. A 3-4 week lag was significant at both buoys (Figure 3c) , and, at buoy 46011 only, nearly all lags between 0 and 12 weeks yielded significant correlations.
[31] Throughout the time series, the export rate for bSiO 2 shows significant variability, similar in its relative magnitude to that for the water-column R bSiO 2 . Between 1994 and 2000, there was a qualitative decline in residual (i.e., seasonally corrected) bSiO 2 export, with a stronger positive and significant trend from 2000 through 2008. The magnitude of increase in the residuals after 2000 was very similar to the magnitude of decrease in the residuals for the R bSiO 2 during the same period (Figure 6f ). While the documented 
Discussion
Vertical Trends and Composition of bSiO 2 Stock and Export
[32] Using both the standing stock and export data, we can examine the coupling between biomass and export. Approximately half (52%) of the 75 m integrated biogenic silica in the upper water column of the SBC is confined to the upper 30 m. The high phytoplankton biomass and suspended lithogenic material in the SBC results in rapid attenuation of light with depth. Generally, the euphotic zone is defined as the depth where 0.1-1.0% of surface irradiance (i.e., 100%) is available. Recently, Brzezinski and Washburn [2011] observed the 1.7% isolume (i.e., slightly shallower than the above euphotic zone definition) along the PnB transect line varied between 9 and 46 m (mean 24 AE 8.5 m, median = 24 m, n = 103) throughout the year, with the shallower values generally associated with high phytoplankton biomass. For most of the year in the SBC, 30 m would be near the base of the euphotic zone or below it; thus, a large proportion (48%) of the R bSiO 2 in the upper 75 m persists below the euphotic zone [34] Comparison of biogenic silica export rates and previously published integrated biogenic silica production allow for estimates of bSiO 2 remineralization. The median integrated bSiO 2 production measured at PnB station 4 during 1996 and 1997 was 8.4 mmol Si m À2 d À1 [Shipe & Brzezinski, 2001 ]. This value may be representative of the longer time series examined here as the median export for the entire time series is very similar to that between 1996 and 1997 (4.2 mmol Si m À2 d
À1
). In addition, the residual R bSiO 2 during 1996 and 1997 were balanced around the 15-year trend (i.e., nearly equal points above and below the least-squares regression, ) and bSiO 2 export (Figure 6d , n = 24-37 points month À1 ), error in Figures 6c and 6d is AESD. Log-residual (see section 2) plots for R bSiO 2 in Figure 6e and bSiO 2 export in Figure 6f and a model-I linear regression is plotted for each full time series (gray lines) and since 2000 (red lines) along with the slope (m) and statistical significance of slope (p-value). Note that SD for March in Figure 6d is 4.40, 98% of monthly mean; hence, the lower error bar goes below the scale. Figure 6e) , suggesting that the calculated export ratios are not heavily biased by only using only 2 years of production data. The median bSiO 2 export is 51% (4.2 Ä 8.4) of the integrated bSiO 2 production, indicating that only 49% of the surface production would be lost to remineralization over a 465 m vertical interval-this is a maximum estimate for the proportional remineralization in the euphotic zone (i.e., section 3.3), since most bSiO 2 dissolution occurs within the mesopelagic [Tréguer et al., 1995] . Nelson et al. [1995] estimated that in high-diatom productivity regions, 15-25% of the surface bSiO 2 production makes it to the seabed. Since the T-trap is 50 m above the seafloor, the bSiO 2 export to production ratio (i.e., 51%) may be reflective of the proportion for material making it to the sediments, suggesting that the SBC is not only more efficient for bSiO 2 export than open-ocean systems, but it could be twice as efficient in seafloor-bSiO 2 delivery than other high-diatom productivity systems.
Variability in Biogenic Silica Stock and Export 4.2.1. Spatial and Temporal Variability in Surface Biogenic Silica
[35] The first two EOF modes explain 78.0% of the variance in the surface bSiO 2 dataset. Using other environmental variables, we can describe the physical and chemical settings associated with these modes. The highest values of the timeamplitude function for mode 1 (i.e., a 1 ) occur when water temperatures were 2-3 C lower than average and when wind stress is most favorable for regional upwelling (Figure 3a [Winant et al., 1999] (Figure 7) . Hence, the lower values of this mode describe nonbloom conditions for diatoms.
[36] Mode 2, which explained 12.8% of the variance, displayed a strong cross-channel gradient in siliceous biomass. Such a gradient also exists at times for other parameters during the PnB time series (Figures 2 and 7) . Under both extreme conditions for a 2 , the station 7 temperature was lower than at station 1 (Figure 7a ) and, as expected, [N + N] at station 7 was higher for both extremes (Figure 7b ). Both maximum and minimum values of a 2 coincide with positive or slightly negative a 1 values, suggesting that the main driver of mode 2 variability is related to spatial gradients during periods of enhanced diatom biomass (i.e., mode 1) in the SBC.
[37] Using data from remote sensing platforms in the SBC, we can evaluate the broader spatial variability in the SBC during the extreme values of a 2 (Figure 8 ). The geometric mean for the satellite-derived chlorophyll during the highest (Figure 8a ) and lowest ( Figure 8b ) extremes in a 2 show significant east-to-west variability. Thus, the apparent north-to-south variability in a 2 is an artifact stemming from the position of the PnB transect, specifically that it bisects this east-to-west chlorophyll gradient in the broader SBC. During high a 2 periods, the average [Chl a] is slightly higher in the eastern SBC, where the hydrography is dominated by the warmer waters flowing into the basin from the Southern California Bight from the east. But during negative extremes in a 2 , there is significant enhancement of chlorophyll in the western SBC, in the region observed to have strong cyclonic circulation (Figures 8c and 8d , [Harms & Winant, 1998] ).
[38] Circulation within the SBC is dynamic in both space and time [Winant et al., 1999 [Winant et al., , 2003 Dever, 2004] . The average of 36 h smoothed current vectors and winds (data courtesy of L. Washburn) show a similar cyclonic circulation pattern in the western Channel during both extremes (Figures 8c and 8d ). Given such similar circulation and wind conditions for the extreme a 2 dates, we suggest that the mode 2 spatial gradient stems from the interaction between cyclonic flow and upwelling. For high a 2 dates, water in the SBC western boundary and also water immediately to the north of the Channel Islands has lower (factor 2-3) surface [Chl a] than in the eastern SBC (Figure 8 ). This relatively low [Chl a] water, perhaps recently upwelled to the west of the SBC, may have advected through the western boundary and become entrained into the cyclonic flow. This is consistent with the higher [N + N], lower temperature, and lower [Chl a] observed during positive a 2 at station 7, relative to those same properties at station 1. The lowest values for a 2 (i.e., [bSiO 2 ] at station 7 > station 1) most frequently occur between April and July, months when upwelling can be favorable both in the western SBC and at or north of Pt. Conception (Figure 3a) . Dugdale and Wilkerson [1989] observed that water upwelled between Pt. Conception and Pt. Arguello can be transported into the SBC, and this process would be facilitated by cyclonic flow [Brzezinski & Washburn, 2011] .
[39] Cyclonic flow can affect phytoplankton and diatom biomass through two mechanisms. Brzezinski and Washburn [2011] observed enhancement of phytoplankton biomass through a combination of isopycnal uplift and convergence, which would bring nutrients into the surface waters while retaining subsequent increases in biomass. The second mechanism involves the entrainment of waters upwelled further north into the cyclonic flow such that nutrients and/or phytoplankton biomass (whether high or low) from outside the SBC are advected into the channel. Entrainment of waters off Point Conception have also been inferred from the trajectories from drifter releases (e.g., [Winant et al., 1999] ) and regional simulations of surface residence times for particles released along the SBC mainland and Channel Islands [Mitarai et al., 2009] . The scope of our data does not allow for a definitive explanation of what process(es) drive the mode-2 spatial gradient; however, we hypothesize that it is likely a combination of advection of water into the SBC and the cyclonic flow mechanisms (above), suggesting that both local and nonlocal processes contribute to this mode.
Variability in Integrated Biogenic Silica and Export
[40] The inferred accumulation of R bSiO 2 in response to wind-stress events is consistent with previous observation for the phytoplankton community. Working near Pt. Conception, Dugdale and Wilkerson [1989] observed that the delay between maximum upwelling and peaks in the specific rate of nitrate uptake by phytoplankton ranged between 3 and Figures 8a and 8c ) and lowest 10% (in Figures 8b and 8d) dates for a 2 . The PnB station locations are shown in Figures 8a and 8b (crossed circles) for reference. Merged satellite Chl data products were processed as in Kahru et al. [2012] . The mean fields per date were interpolated to a 1 km grid covering the SBC, then the geometric means of all chlorophyll values for the extreme a 2 dates were calculated. For the current data, high-frequency radar data were averaged at each grid point for 36 h (centered at 12:00 local time for the date of interest), and then all vectors were averaged for the extreme conditions. The principal axis wind stress was also averaged for the two SBC buoys. Current and wind-stress data are courtesy of L. Washburn. 5 days under optimum conditions. Our offset between local upwelling-favorable wind stress and R bSiO 2 accumulation (e.g., 8-9 days, Figure 3b ) is longer than 3-5 days, but this is expected if biomass accumulation lags the enhancement of nutrient uptake rates by phytoplankton in response to upwelling. Merging our results with that of Dugdale and Wilkerson [1989] suggests that active upwelling stimulates specific rates of nutrient uptake to maximum levels in~3 days, followed by a biomass accumulation peak (our analysis). Thus, the temporal scale of this sequence, from upwelling to accumulation, appears to be just over 1 week.
[41] Combining the water-column and sediment-trap datasets indicate a significant temporal delay between silica production and its export to the deep trap if all exported material was of local origin. In a drifter-release study, Winant et al. [1999] observed that the average residence time in the SBC for surface drifters which did not run aground during upwelling periods was 8 days, longer than under relaxation (7 days) and strong cyclonic circulation (6 days) periods. These residence times are similar to results by Mitarai et al. [2009] , who simulated particle trajectories in the SBC on a finer temporal scale using modeled currents forced by regional climatology. During lower-R bSiO 2 periods in June and July, upwellingfavorable wind stress continues to the north, outside of the SBC, through August (Figure 3a) , which could supply both nutrients and biomass to the western channel through advection. Thus, the 1 to 2 month lag time in the bSiO 2 export maximum (Figures 6c and 6d ) and the 3 week lag between deseasonalized-bSiO 2 -export residuals and t (Figure 3c) suggests that a quantitatively significant fraction of the bSiO 2 caught in the traps originates outside of the SBC. This explanation is supported by Venrick et al. [2008] , who observed the diatom Neocalyptrella robusta (warm-water species) in 88% of T-trap samples and Coscinodiscus marginatus (cold-water species) in 68% of T-trap samples. These particular diatoms would have originated outside the SBC and been carried through the western boundary by southward flow along the California coast (C. marginatus) or through the eastern boundary by pole-ward transport from the Southern California countercurrent (N. robusta). The co-occurrence of both diatom species in the same trap sample underscores the important dynamic role advection plays in what the traps collect, even during a single 2 week collection period.
[42] Understanding the origin of particles captured in the SBC traps and sediments is important. Many studies have used sediments accumulating within the center of the SBC for high-resolution paleo-environmental reconstructions [e.g., Lange et al., 1990] . In order to gain context for future reconstructions using exported material in the SBC, a better understanding is necessary concerning whether the sediment material is reflective of the SBC or the broader conditions within the California Current ecosystem. While we infer that a significant fraction of bSiO 2 exported to the SBC benthos is nonlocal, there is uncertainty in the role of event-scale phenomena. The temporal resolution of the sediment-trap collections is on the scale of 1-2 weeks, indicating that rapid-flux events originating from within the SBC surface cannot be resolved. Collins et al. [2011] recently reported settling rate of >83 m d À1 for particles in the San Pedro Basin, a lowerproductivity region southeast of the SBC. Particles settling at these rates could make it from the SBC surface to the trap in less than seven days. However, settling rates can be even higher for large marine snow aggregates, which can have a large diatom component [Alldredge & Gotschalk, 1988] . Thus, while multiple lines of evidence suggest significant nonlocal sources, higher temporal resolution data will be necessary to rigorously evaluate the role of local production in silica export signal in the deep trap.
Multiyear Trends in Integrated Biogenic Silica and Export
[43] Unlike other regions where similar time series exist, no long-term trend is evident in the PnB time-series record. Between 1989 and 2003, a~40% decline in the seasonally corrected residual R bSiO 2 was observed at the BATS site in the North Atlantic [Krause et al., 2009a] , while a 30-40% increase in the same parameter was observed at HOT in the North Pacific between 1997 and 2009 . The lack of any decade-scale change in the SBC may indicate that the time scale governing biomass variability in the phytoplankton in this region is longer than our data set can resolve.
[44] Two subdecadal-scale trends are observed in the residual R bSiO 2 dataset. The minor variability observed in the first 6 years ( Figure 6e ) was punctuated by low values between late 1997 and early 1998, coincident in time with a strong El Niño event. After 2000, there was a significant linear decline in residual R bSiO 2 (slope = À0.027, p = 0.02, Figure 6e ). The decline in silica is contrary to recent findings of a steady increase in phytoplankton biomass and species composition between 1990 and 2009 in the Southern California Bight by the California Cooperative Oceanic Fisheries Investigations (CalCOFI) program [Venrick, 2012] . The general CalCOFI phytoplankton trend is also consistent with the observed increase in the peak levels of net primary production and [Chl a] between 1997 and 2007 in the greater California Current [Kahru et al., 2009] .
[45] In the broader California Current, the timing of the annual maximum for phytoplankton abundance changed. Venrick [2012] observed that prior to 1998 the annual peak was in spring; however, after it shifted to the summer. The shift in the timing of the phytoplankton biomass peak has been coincident with a 75% decline in Hyalochaete species (i.e., restingspore forming subgenera of Chaetoceros) during the annual peak at the CalCOFI stations [Venrick, 2012] . In the SBC, Hyalochaete species are numerically dominant in the T-traps [Venrick et al., 2003] . The underlying forcing(s) which alter the proportion of Hyalochaete species, and potentially other Chaetoceros species which are dominant in the SBC water column, could be responsible for driving the linear decline since 2000.
[46] In the SBC, the decline in bSiO 2 is concurrent with significant increases in the integrated R Si(OH) 4 and R N + N in the upper 75 m (p < 0.001, r 2 = 0.16, 0.21 for R N + N and R Si(OH) 4 , respectively). This increase in nutrients does not appear to be the result of decreased thermal stratification, as analysis of differences between surface temperature and potential density versus those same properties at 50 and 75 m (i.e., proxies for stratification) reveal no consistent linear trends. Rykaczewski and Checkley [2008] observed increases in wind-stress curl upwelling between May and July (i.e., upwelling season) through 1996 and 2002 but little change in coastal upwelling in the California Current. The observed increase in integrated nutrient content may be due to changes in the water entering the SBC through the western boundary, where wind-stress curl upwelling is more important. But considering the general ecological niche for diatoms, i.e., dominating in high-nutrient and high-turbulence environments, it is counterintuitive that diatom biomass would decline with increasing nutrients and no apparent change in thermal stratification.
[47] One possibility is that the alteration in nutrient availability in the SBC and the timing of delivery in the general California Current has selected for different diatom species. Recently, Sekula-Wood et al. [2011] report an abrupt increase in both the domoic acid flux and export of Pseudo-nitzschia spp. cells to the SBC T-trap since 2000. This suggests that some of the decline in the integrated biogenic silica stock since 2000 could be due to potential shifts to less-silicified diatoms such as those from the genus Pseudo-nitzschia. Identifying the drivers of such a shift is important; especially since Pseudo-nitzschia spp. blooms may be toxic to higher trophic organisms, including shellfish which are consumed by humans.
[48] Additionally, this decline in biomass may indicate a multiyear successional trend in phytoplankton taxa. Anderson et al. [2008] observed that in the SBC the most intense blooms of dinoflagellates and diatoms do not co-occur in the same years but alternate, suggesting that the interannual variability in the physical and chemical environment favors blooms of one group versus the other.
[49] Biogenic silica export to the deep traps over the nearly 15 year record appears to be increasing, especially since 2000. Since 2000, the slope of the increase in the residual bSiO 2 export and the slope decrease in R bSiO 2 are identical, suggesting that if all export was derived from the overlying waters in the SBC, then export efficiency increased with time. However, considering the uncertainty in the origin of the bSiO 2 particles exported in the SBC (e.g., section 4.2.2), it is likely that the increasing signal is from processes which are nonlocal. Sediment-core studies in the SBC have reported declines in diatom abundance, specifically between 1954 -1972 and 1973 -1986 [Lange et al., 1990 . Our observation of an increase in bSiO 2 export does not necessarily indicate an increase in diatom abundance, e.g., if the export increase was driven by fewer but more heavily silicified diatoms; however, the increase in export with time may suggest that there is a stronger link between the exported material caught in the T-trap with the increasing phytoplankton abundance and [Chl a] observed in the broader California Current [Kahru et al., 2009; Venrick, 2012] Si signature and how this changes throughout the year.
[50] Oscillations in climate, or indices like the PDO, have been linked to changes in biogeochemical properties in many marine systems. While strong changes to SBC standing stocks and export have been noted in El Niño events, there were no significant correlations between a 1 , R bSiO 2 , or bSiO 2 export and either the Multivariate El Niño/Southern Oscillation (ENSO) Index (MEI, e.g., [Wolter & Timlin, 2011] ) or North Pacific Gyre Oscillation index (NPGO, [Di Lorenzo et al., 2008] ). Instead, all the parameters had statistically significant correlations (p < 0.01) with the PDO. This is likely due to the MEI being predominantly based off key variables measured in the tropical Pacific, which will allow for resolving shifts in the ENSO phase, but the effects on processes within the SBC may be more indirect. However, the warm (positive) and cool (negative) phases of PDO have more of an impact along North America than in the tropical Pacific. The NPGO is representative of the second EOF/principal component of the sea-surface-height anomalies in the North Pacific, with the PDO being the first mode [Di Lorenzo et al., 2008] . The lack of correlation may indicate it too has a more indirect or weak effect on SBC plankton dynamics.
[51] Because the R bSiO 2 time series is an amalgamation of many different processes, a more refined focus of how bSiO 2 varies with PDO can be gleaned through comparison with EOF mode 1, since it explains 65% of the surface bSiO 2 variance and has no distinct spatial gradient. When a 1 is lagged relative to the PDO, significant negative correlations were observed using both correlation methods between 16 and 32 weeks (Figure 9) . A similar negative correlation (p < 0.01) is observed when R bSiO 2 is lagged to PDO between 20 and 30 weeks, indicating that the vertically integrated stocks response is similar to the surface samples (i.e., samples associated with EOF analysis).
[52] Our analysis suggests that the phase of the PDO sets the upper and lower limits for diatom bloom potential. The negative correlations observed between mode 1 and PDO shows that bSiO 2 is enhanced during more negative PDO phases in the months prior to sampling. A modeling study by Chhak and Di Lorenzo [2007] suggested that during negative PDO phases, the coastal upwelling cell is deeper than during positive PDO phases in the California Current, and given similar atmospheric forcing, this would suggest that nutrient concentrations during negative phase years should be higher than during positive phase years. However, if this were the case, we would expect a shorter time lag between the PDO with bSiO 2 correlation, which is not observed. With the lack of direct relationships between PDO phase and biogenic silica stocks, it appears that the direct variability induced by PDO shifts is small. Instead, our dataset supports that the underlying mechanism(s) forcing the relationship of biogenic silica stocks or export rates with PDO appear to be indirect and potentially driven by how PDO phase forces anomalies in regional climatology and circulation in addition to how it may alter the waters which are horizontally advected into the SBC.
Conclusions
[53] Time-series data biogenic silica standing stock in the SBC demonstrates that changes in local upwelling strength are, by far, the most important factor controlling seasonal variations. The strong coupling between water-column bSiO 2 and its export to the benthos results in the SBC being one of the most efficient regions for the sedimentation of bSiO 2 in the ocean. Strong cross-channel gradients in surface [bSiO 2 ] occur and account for~13% of the dataset variability. The accumulation of bSiO 2 in surface waters appears to respond to upwelling-favorable wind stress on the order of 8-9 days. bSiO 2 export anomalies lag the upwelling-favorable wind stress by~3 weeks. We constrain a lag in enhanced export to be between 0.5 and 2 months from enhancements of bSiO 2 standing stock in the waters above. Relative to surface bSiO 2 , the period of enhancedexport period is longer, suggesting an important role for advection in the trap dataset. The presence of a statistically significant decline in R bSiO 2 residuals since 2000 has occurred despite increases in net primary productivity and phytoplankton biomass in the general California Current/ Southern California Bight region. Such a decline could be driven by diatom species succession. Concurrent with the decline in R bSiO 2 since 2000 has been an increase in bSiO 2 export since 2000. Given the average residence time for particles in the SBC, the origin of bSiO 2 caught in the sediment trap at 540 m appears to have a significant nonlocal component, and this is also supported by the similarity between the increased export flux and increased phytoplankton biomass in the Southern California Bight. However, the role of local episodic events in bSiO 2 export cannot be determined at this time, and we cannot rule out that a significant proportion of the export is locally derived.
